A terminal charge and capacitance model is developed for transient behavior simulation of electrolyte-gated organic field effect transistors (EGOFETs). Based on the Ward-Dutton partition scheme, the charge and capacitance model is derived from our drain current model reported previously. The transient drain current is expressed as the sum of the initial drain current and the charging current, which is written as the product of the partial differential of the terminal charges with respect to the terminal voltages and the differential of the terminal voltages upon time. The validity for this model is verified by experimental measurements.
INTRODUCTION
Organic field effect transistors (OFETs) are intensively explored as one of most important basic blocks in organic electronics due to their potential applications in flexible, low-cost, and large-area electronic circuits. [1] [2] [3] Using organic field effect transistors, both digital and analog circuits have been demonstrated, such as inverters, logic gates, ring oscillators, etc. [4] [5] [6] [7] [8] Even more, some advanced circuits at large-scale have been implemented with organic transistors, for instance, radio-frequency identification (RFID) tags and analog-digital converters (ADC). [9] [10] To realize complex circuit functions with organic field effect transistors, the complexity of large-scale circuits requires accurate modeling of the transistors. Different from conventional silicon metal-oxide-semiconductor field effect transistors (MOSFETs), OFETs usually are operated in accumulation mode. Numerous models have been developed for OFETs based on the possible mechanisms of charge transport within organic semiconductors. [11] [12] [13] [14] [15] There are two main mechanisms widely accepted: variable range hopping [11] and tail-distributed traps. [12] However, most of the models for OFETs are devoted to deal with the dc behaviors. [11] [12] [13] [14] [15] Only a few examples discuss the transient behaviors of OFETs. [16] [17] [18] In this work, we report a terminal charge and capacitance model for transient analysis of electrolyte-gated organic field effect transistors (EGOFETs). EGOFETs are organic field effect transistors, which, instead of using insulating materials as gate dielectric layer, like in, conventional OFETs, use an electrolyte. By applying a bias, the ions in the electrolyte form electrical double layers at the metal-electrolyte and at the electrolyte-semiconductor interface, providing a huge capacitance per unit area. The EGOFETs benefit from this huge capacitance, exhibiting very low operation voltage. Our previous work [19] has reported a drain current model for EGOFETs, based on charge drift transport, taking voltagedependent electrical-double-layer capacitance, contact effect and short-channel effect into account. From this drain current model, a charge and capacitance model is derived based on the Ward-Dutton partition scheme. [20] The terminal charges are written as an expression including terminal voltages and other model parameters from the previous work, [19] while the self-capacitances and transcapacitances are expressed as the partial derivatives of the charges with respect to the terminal potentials. The channel transit time is obtained from the channel charge and the channel current. The transient current is the sum of the initial current and the charging current. The charging current is then derived from the product of the partial differential of the terminal charges with respect to the terminal voltages and the differential of the terminal voltages upon time. The validity for this model is verified by experiments and the limits are discussed as well. The transient model is of special interest for simulation of integrated circuits implemented by EGOFETs. 
where W is the channel width, L is the channel length, μ 0 is the low-field mobility, C 0 is the voltage-independent capacitance, C v is the voltage-dependent capacitance, V GT is the gate voltage V G minus the threshold voltage V T , V D is the drain voltage, γ is the mobility enhancement factor, and χ is the electric double layer capacitance (EDLC) voltagedependent factor.
However, the terminal voltages applied to the transistor usually vary over time. Consequently, the charges stored at device terminals vary as charging currents flow into/out the terminals. Here, we analyze the varying terminal charges and derive the transcapacitances, the transit time and the transient drain current for EGOFETs, based on a terminal charge and capacitance model. For this model, we only consider the intrinsic transistor, which includes only the channel area where the field effect takes place.
Terminal Charges
Generally, EGOFETs are operated as three-terminal devices, where voltages are applied to source, drain, and gate electrodes. The charges associated with each terminal have to be considered here. The gate charge Q G is calculated by integrating the accumulated charge along the channel, thus
where Q(x) is the accumulated charge at position x in the channel, 0<x<L.
According to the Ward-Dutton linear partition scheme, [20] the drain charge Q D can be computed as
Then, the source charge Q S is equal to the minus sum of Q G and Q D due to the charge conservation, as follow ) (
Considering the voltage-dependent EDLC in EGOFETs, we have
From the dc drain current model, [19] the channel current at point x per unit width (
is the voltage-dependent charge mobility and E(x) is the electric field given by the drain voltage along the channel, at point x in the channel. The mobility µ(x) is related to the voltage potential at that location and can be written
The partial along the channel dx can then be written as
Integrating Eq. (6), we obtain x ( ) 
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Substituting Eq. (5) and (6) into Eq. (2), the gate charge Q G is derived as 
Similarly, by substituting Eq. (5), (6) and (7) into Eq. (3), the drain charge Q D can be written as,
where 
The expressions for terminal charges can be used to derive the capacitance coefficients discussed below, including selfcapacitance and transcapacitances.
Self-capacitances and Transcapacitances
Since we consider the intrinsic part of EGOFETs with three-terminal configuration, there are nine intrinsic capacitances defined as the partial derivatives of the charge at terminals with respect to the voltages, 
Taking charge conservation into account, the relation between the self-capacitances and transcapacitances can be obtained as follows: [21] 
From the above relationships, only four out of the nine capacitive coefficients are independent. Then, we derive four independent capacitances using Eq. (8) and (9), i.e., 
The capacitance coefficients here can be used for both transient analysis and small-signal simulation of EGOFETs.
Transit time
The transit time is defined as the time it takes for charge carriers to flow across the channel. To calculate the transit time, the current along the channel is assumed to be constant, which is very common in dc modeling. For a channel element of length Δx, the transit time is given by Δt=Δx/v e , where v e is the velocity of charge carriers. Then, the transit time for the entire channel is ( 
As an estimation of the charging time of the transistor channel, the transit time represents the intrinsic delay of the device.
Transient currents
In terms of the steady-state current and terminal charges, we can derive a simple expression for transient drain and source currents. Neglecting generation and recombination, the current-continuity equation [22] can be written as
where Q(x, t) is the time-varying charges and I(x, t) is the time-varying channel current.
Integrating Eq. (16) from source to drain and substituting the initial currents that are equal to the steady channel current (e. g. Eq. (1)), we obtain the transient drain and source current:
where I D0 (t) and I S0 (t) are the initial currents at drain and source, respectively.
From Eq. (12), the charging currents can be rewritten as
Hence, the transient currents can be calculated with the capacitive coefficients and the dc currents, by substituting Eq. (18) into Eq. (17) . Note that the source is usually grounded in practical measurements, which will simplify Eq. (18).
RESULTS AND DISCUSSION
To illustrate the aforementioned expressions, the dependence of the terminal charges on the gate/drain bias is graphed here, as well as the capacitance coefficients. The terminal charges and capacitance coefficients are interpreted in terms of operation regimes. The transit time with respect to the channel length or terminal bias is also presented. Finally, we discuss the dynamic drain/source currents associated with pulse bias at gate/drain and compare the model outcome with experimental data. The model parameters used here are inherited from the drain current model reported in the previous work, [19] where W=1000 μm, L =50.5 μm , V T = −0.27 V, γ = 1.33, χ= 0.67, μ 0 =0.028 cm 2 /Vs, C 0 =5 μF/cm 2 , and C v =1.5 μF/cm 2 at |V GT |=1 V. Generally, all equations are given for n-channel OFETs in this dynamic model, as well as the previous dc model, to simplify the derivation. However, the EGOFETs measured in our experiments are usually pchannel devices, which means the polarity of voltages and currents should be reversed. As functions of the terminal bias, the stored charges at gate, drain, and source are shown in Fig. 1 . For a fixed -V D =0.3V (p-channel transistors), the charges are plotted in function of -V G , as shown in Fig. 1(a) . At lower V G , the channel is off, resulting in a low amount of charge. The accumulated gate charge increases continuously with ascending -V G . The stored charge at the drain starts to drop as soon as V G is high enough to open the channel. However, when |V G |<|V D +V T |, which corresponds to the operation in the saturation regime, the charge begins to accumulate at drain and source again due to saturated charge transport. The trend will be reversed as soon as further increased -V G makes the device operating in the linear regime. In the opposite, the charges as -V D increased from 0.2 to 1 V are plotted in Fig. 1(b) , by fixing -V G =0.6V. From this figure, we also can observe the charge accumulation in the saturation regime. Taking the capacitances at the gate as example, we compare the capacitances calculated from the expressions above, presented in Fig. 2 . Again, the drain voltage is fixed and the capacitances with respect to gate voltage are plotted in Fig.  2(a) . For lower -V G , the capacitances C gg and C gd are very small and C gs is almost negligible due to the small amount of charge carriers in the channel. The C gg and C gs increase rapidly for higher -V G , as the channel charge increases. But the C gd remains negligible since the device operates in the saturation regime. For even higher -V G , the transistor enters the linear regime and both the C gd and C gs increase. Fig. 2(b) presents the capacitance versus drain voltage at fixed gate voltage. C gs is kept constant since the source is grounded and the V G is fixed. C gg and C gd increase rapidly when the transistor operates in the saturation regime. The transit time τ with respect to V GT and channel length L is shown in Fig. 3 . As expected, the transit time is inversely proportional to -V GT (Fig. 3(a) ) and proportional to the square of L (Fig. 3(b) ). Increasing gate voltage can decrease the transit time for lower -V GT , however, due to the velocity saturation, the affection of gate voltage on the transit time is almost negligible for higher -V GT . Moreover, for very short channel length, the transit time of EGOFETs is not limited by charge transport in the channel but by electrolyte polarization, [23] which is not included in this work. For a transistor with L=50.5 μm, the transit time estimated by this model is around 1.3 ms, which is a reasonable value close to the measured results. Finally, applying a voltage pulse to the gate, the transient response of currents at source and drain is presented in Fig. 4 . The rise time t r of the pulse has a significant effect on the charging current for the transient analysis. Fig. 4 (a) presents a 1-V pulse with t r =0.5 s >> τ=1.3 ms and the corresponding currents are shown in Fig. 4(b) . When V G reaches the threshold voltage V T , electrons begin to flow from the source towards the drain. After a certain time, corresponding to the delay time t d , electrons reach the drain and the conducting channel is completely formed. From Fig. 4(b) , we can see the difference between the drain current i D and the source current -i S . In this case the charge currents at the beginning are usually small, thanks to t r >> τ. When t r is comparable to τ, the charge current gives a very sharp spike to the current waveform. Fig. 4 (c) presents a 1-V pulse with t r =10 ms and the corresponding currents are shown in Fig. 4(d) . A very significant current spike can be observed as well as the clear delay of i D . Here the static drain current is plotted as reference. For the experiment measurements (L=2 μm), we used a -1.2-V square pulse with t r =4 μs (Fig. 4(e) ). As expected, a very sharp charging current spike is observed in the drain current (Fig. 4(f) ). The normalized i D exhibits the same trend as the model predicts. Notice that the transition between transient current and steady current is smooth in the experimental data due to the inertia of electrons, which is not included here. 
CONCLUSION
In conclusion, this work presents a terminal charge and capacitance model for the transient analysis of EGOFETs, based on a charge-drift static current model. Considering the intrinsic part of the transistors, the terminal charges and capacitance coefficients are derived from the Ward-Dutton partition scheme. The transit time is written as an expression mainly relative to gate voltage and channel length. Summing the charging current and initial current, we obtain the transient current at the device terminals. The charging current is predominant in the transient current when the rise time of applied bias is comparable to the device transit time, which is observed in the experimental measurements as well. This charge and capacitance model is promising for circuit simulation which includes dynamic operations of EGOFETs.
